Effects of dual-responding on tracking performance after 49-h of sleep deprivation (SD) were evaluated behaviorally and with functional magnetic resonance imaging (fMRI). Continuous visuomotor tracking was performed simultaneously with an intermittent color-matching visual detection task in which a pair of color-matched stimuli constituted a target and non-matches were non-targets. Tracking error means were binned time-locked to stimulus onset of the detection task in order to observe changes associated with dual-responding by comparing the error during targets and non-targets. Similar comparison was made with fMRI data. Our result showed that despite a significant increase in the overall tracking error post SD, from 20 pixels pre SD to 45 pixels post SD, error decreased to a minimum of about 25 pixels 0-6 s after dual-response. Despite an overall reduced activation post SD, greater activation difference between targets and non-targets was found post SD in task-related regions, such as the left cerebellum, the left somatosensory cortex, the left extrastriate cortex, bilateral precuneus, the left middle frontal gyrus, and the left motor cortex. Our results suggest that dual-response helps to alleviate performance impairment usually associated with SD. The duration of the alleviation effect was on the order of seconds after dual-responding.
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Introduction
As our society becomes more sleep deprived and more dependent on technology (National Sleep Foundation, 2011 Sleep in America Poll), people are frequently multitasking while suffering from sleep deprivation. While sleep deprivation tends to lower our performance on tasks (Bell-McGinty et al., 2004; Donnell, 1969; Durmer & Dinges, 2005; Habeck et al., 2004; Horne, Anderson, & Wilkinson, 1983; Pashler, 1994; Pilcher & Huffcutt, 1996) , a number of multi-task studies showed that performance was maintained after sleep deprivation (Pace-Schott et al., 2009; Pilcher, Band, Odle-Dusseau, & Muth, 2007; Strangman, Thompson, Strauss, Marshburn, & Sutton, 2005) . In a comprehensive 28-h sleep deprivation study, Pilcher et al. (2007) examined performance changes in tasks with a wide range of demand, from simple vigilance task such as the Psychomotor Vigilance Test (PVT) to the cognitively challenging Wombat, in which tracking task alternated with several bonus tasks. Performance on vigilance tests suffered after sleep deprivation but Wombat performance actually increased over the course of sleep deprivation sessions due to the learning effect. Strangman et al. (2005) reported that, in addition to maintained performance on a dual-joystick controlled navigation task, regions with increased as well as regions with decreased brain activation were found after sleep deprivation even though, with the exception of studies such as Drummond et al. (2000), traditional sleep deprivation studies generally showed only decreased brain activation with performance deficits (Chuah, Venkatraman, Dinges, & Chee, 2006; Drummond et al., 1999; Thomas et al., 2000) .
The mechanism underlying multi-tasking has been studied extensively using dual-tasking paradigms (Brown, 1997; Jolicoeur, 1999; Pashler, 1994) in which performance interference has been reported in one or both tasks due to the limited resources that are shared by the tasks (Brown, 1997; Jolicoeur, 1999; Pashler, 1994) . If both dual-tasking and sleep deprivation have negative effects on performance, combining the two factors should have even more detrimental effects. Thus it seems contradictory that under sleep deprivation stress, dual-tasking actually protected performance from SD effects in comparison to performance on singletasks. However, not all multi-task tracking showed maintained performance after SD. Caldwell and Ramspott (1998) found a time-on-task post SD effect: performance worsened as the time spent on the task increased. The task used by the study was called the multi-attribute task battery (MATB), which consisted of a 0278-2626/$ -see front matter Ó 2012 Elsevier Inc. All rights reserved. doi:10.1016/j.bandc.2012.01.004
